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INTRODUCTION 
Human population is increasing day by day. The United 
Nation (UN) reported that the human population will 
exceed 9 billion people by the year 2050 and thereby, it 
is necessary to produce 70 percentage more foods to 
ensure food security (United Nation, 2017). According 
to the United Nations’ Food and Agriculture Organiza-
tion (FAO), there was one acre of arable land per per-
son on earth in the year 1961 and it shrinks to nearly 
half, about 0.56 acres by the year 2002 due to uncon-
trollable population growth and also due to urbanization 
(Despommier, 2010, Healy and Rosenberg, 2013, Tho-
maier et al., 2015, Al-Kodmany, 2018). By the year 
2011, the United Nation concluded a global assess-
ment of the planet’s land resources, which reveals that 
a quarter of all cultivable land is highly degraded. If tra-
ditional farming practices continue as they are practiced 
today, an estimated 107 square kilometers of additional 
land is to be required to grow sufficient food and there-
by to meet demand of the ever increasing population 
(United Nation, 2017).  
Apart from the problems imparted by the huge popula-
tion on the environment, modern day agriculture is also 
a major contributor to a large range of environmental 
problems including agricultural runoff, degradation of 
the ecosystem, use of fossil fuels, food wastage, under 
capacity drainage infrastructure etc. (Al-Kodmany and 
Ali, 2013). As a best solution, nowadays horticultural-
ists and entrepreneurs are focusing on the practice of 
vertical farming, which is a component of urban agricul-
ture, where cultivating food within skyscrapers or on 
vertically inclined surfaces, where crops would be culti-
vated and grown inside multi-storey buildings that will 
mimic the ecological system (Al-Kodmany, 2018a, Val-
ley and Wittman, 2018). This farming practice encour-
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ages sustainable agricultural growth and enhances food 
security more than by conventional farming. It provides 
additional farmlands and ensures year-round crop pro-
duction. Furthermore, vertical farming practices can 
save crops from floods, pests, weeds, extreme weather 
events, and drought as it is a farming practices in a 
controlled environment. Also, it can reduce deforesta-
tion and desertification caused by agricultural encroach-
ment on natural biomass system (Omrani et al., 2017). 
In sight of all the above facts, this study was undertak-
en to fabricate Vertical Farming Structures (VFS) suita-
ble for homestead and to evaluate the performance of 
the fabricated vertical farming structures. 
MATERIALS AND METHODS 
Location of study 
The experiment was performed in KCAET, Tavanur, 
Kerala, located at the 10o 51' 13" N and 75o 59' 9" E. 
The mean maximum and mean minimum temperature 
of the study area are 42.1oC and 22oC, respectively and 
relative humidity about 80 %. The study area comes 
under a humid tropic climatic region so that area re-
ceives more extreme events during south-west mon-
soon. 
Fabrication of VFS 
Design and fabrication of two vertical farming structures 
named DVFS 1 (Developed Vertical Farming Structure 
1) and DVFS 2 (Developed Vertical Farming Structure 
2) were done suitable for homestead as well as urban 
farming.   
The DVFS 1 is a platform like structure with a triangular 
cross section, consists three tiers (platforms) on each 
side. The structure has a dimension of 213 cm x 163 
cm x 213.3 cm (Fig. 1). It is a metallic structure, where 
frame and roof were made up of 0.5” mild steel (MS) 
rods, 0.75” MS tubes and 1” MS square tubes. Metallic 
seating (width 20.5 cm) were provided by fixing MS 
flats of 3/4” x 1/8” for placing grow bags or garden pots. 
A total of 36 grow bags of size 15 cm x 15 cm can be 
placed in the structure in such a way that 6 grow bags 
can be accommodated in each platform. The height of 
the structure excluding roof was fixed about 167 cm for 
easy harvesting of crops. The height of the first, second 
and third platform from top to bottom are 51 cm, 48 cm 
and 45 cm, respectively, designed according to the 
height of the structure and width of platform. The roof 
has a quonset shape made up of MS rods of 1/2” diam-
eter. The roof is supported by using MS rod of length 
80 cm attached to the main structure at each corner. 
UV sheet of 200 microns of 230 x 180cm was used for 
covering the roof. Three rings (8 cm diameter) were 
provided on the roof to place the PVC pipe for irriga-
tion.  
The DVFS 2 had rectangular open shelves like struc-
ture with overall dimension of 155 cm x 220 cm m x 70 
cm (Fig. 2). This structure was also fabricated using 
MS square tubes (1 inch) and MS rods. Half splitted 
PVC pipes (6 inches diameter and 2.80 mm wall thick-
ness) were used as a trough for filling growing media 
(Pradeepkumar et al., 2018). The structure has three 
tiers one over the other, which consisted 19 half splitted 
PVC pipes. The PVC splits were supported by semicir-
cular rings (¾” x ⅛” MS flat) welded with the frame. The 
structure had three sections; left, middle and right with 
Fig. 1. Developed vertical farming structure 1 (DVFS 1). 
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length 50, 120 and 50 cm, respectively, so that each 
portion could assemble and dismantle easily using 
screws and bolts, making its transportation easier. The 
roof was provided as shown in the figure with the provi-
sion to place PVC pipes for irrigation as done in DVFS 
1. The roof of the structure was covered with UV sheets 
of 200 micron thickness (Lamnatou and Chemisana, 
2013). 
Setup for irrigation 
Irrigation was given daily by drip irrigation method, as it 
saves water and reduces losses (Postel et al., 2001, 
Vazquez et al., 2006, Wang et al., 2020). Water sup-
plied to the system through gravity from the institution 
tank located 10 m above the structure.    
Field experiment 
Tier wise analysis of both structures was done to evalu-
ate crop production performances, so that crops from 
each tiers were selected randomly from each side of 
both structures. Tiers are named as shown in Table 1. 
Amaranthus of variety ‘kannara local’ was taken for the 
trial and seedling were placed in the grow bags as well 
as in the half split PVC pipes. The depth of rooting me-
dia in half split PVC pipes and grow bags was about 10 
cm. Two seedlings were placed in each grow-bags. 
The grow bags and PVC splits were mixed with coco 
peat and vermiculite at a ratio 3:1 (Rani et al., 2018). 
Climatic parameters such as temperature and light in-
tensity were observed in morning, afternoon and even-
ing during the growth stage of the crop (Marcelis et al., 
2006). Biometric observations such as plant height 
and number of leaves were made once a week. Har-
vesting was done after attaining maturity. The orien-
tation of the structure was along the east-west direc-
tion according to institute direction and available 
space in the yard.  
Fig. 2. Developed vertical farming structure 2 (DVFS 2).  
Tier Position 
1RT1 top tier at the right side of DVFS 1 
1RT2 middle tier at the right side of DVFS 1 
1RT3 bottom tier at the right side of DVFS 1 
1LT1 top tier at the left side of DVFS 1 
1LT2 middle tier at the left side of DVFS 1 
1LT3 bottom tier at the left side of DVFS 1 
2LT1 top tier at left section of DVFS 2  
2LT2 middle tier at left section of DVFS 2 
2LT3 bottom tier at left section of DVFS 2 
2MT1 top tier at the middle section of DVFS 2  
2MT2 middle tier at the middle section of DVFS 2 
2MT3 bottom tier at the middle section of DVFS 2 
2RT1 top tier at the right section of DVFS 2  
2RT2 middle tier at the right section of DVFS 2 
2RT3 bottom tier at the right section of DVFS 2 
Table 1. Different tiers of the DVFS 1 AND DVFS 2  
analyzed in this study. 
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Statistical analysis 
Correlation between climatic and biometric parameters 
was analyzed by correlation analysis (Franzese and 
Luliano, 2018) based on Pearson correlation coefficient 
at 0.01 significant level using SPSS Inc. 25 software.  
RESULTS AND DISCUSSION 
Climatic parameters such as air temperature and light 
intensity were observed in both structures at 8:00 am, 
1:30 pm and 5:00 pm for a period of three weeks from 
December to January 2017.  
Air temperature 
 The daily data were taken using a dry bulb thermome-
ter and further calculated weekly average values from 
the daily data observed at 8:00 am, 2:00 pm and 5:00 
pm and plotted as shown in Fig. 3. The minimum mean 
temperature measured at 8:00 am in DVFS 1 and 
DVFS 2 were the same, about 19 ºC. The maximum 
mean temperature observed in DVFS 1 was 19.5 ºC 
and in DVFS 2 was about 19.4 ºC. Similarly, at 2:00 pm 
the maximum mean temperature noted in DVFS 1 was 
25˚C and in DVFS 2 was 24.8˚C. Minimum tempera-
tures were 24˚C in both the structures (Fig. 3). In the 
evening, the maximum temperature in DVFS 1 was 
about 23˚C and in DVFS 2, it was 22.8˚C. Minimum 
temperatures were the same for both structures i.e., 22 
˚C. The slight increase in temperature observed in 
DVFS 1 compared to DVFS 2 is due to the structural 
difference. The former used metallic seating, whereas 
the other is with PVC splits as the metal has higher 
thermal conductivity than plastics.  Michel et al. (2019) 
stated that the thermal conductivity of PVC is only 
0.45%–0.6% of a steel tube.  
Orientation of the structure (east-west) reflects the vari-
ation of the temperature among different tiers. The re-
sults are in agreement with Sethi (2009), where 3.5-5.5 
Fig. 3. Variations in air temperature in DVFS 1 and DVFS 
2 at 8:00 am, 2:00 pm and 5:00 pm. 
Fig. 4. Variations in light intensity in DVFS 1 and DVFS 2 
at 8:00 am.  
Fig. 5. Variations in light intensity in DVFS 1 and DVFS 2 
at 2:00 pm.  
Fig. 6. Variations in light intensity in DVFS 1 and DVFS 2 
at 5:00 pm.  
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◦C change in the air temperature was observed inside 
the greenhouse in east-west orientation. 
Light intensity 
The weekly average of light intensity was calculated for 
8:00 am, 1:30 pm and 5:00 pm data, respectively, from 
the daily intensity data. Measurements were taken us-
ing lux meter in range B. Fig. 4 shows the variations in 
light intensity in DVFS 1 and DVFS 2 at 8:00 am. The 
maximum light intensity was obtained on tier 3 (T3) at 
the right side of DVFS 1. It was about 7010 lux. The 
minimum light intensity of 2850 lux was measured from 
tier 1 (T1) on the middle section of DVFS 2. The re-
ceipt of solar radiation and reflected radiation obtained 
were maximum in tier 1 as it was close to the ground 
surface. Due to the orientation of the structure in the 
east-west direction, in morning hours, there was a pos-
sibility of receipt of more solar radiation in the left sec-
tion of DVFS 2 as it was oriented towards east. Fig. 5 
shows the variations in light intensity of DVFS 1 and 
DVFS 2 respectively at 2:00 pm. The maximum light 
intensity was observed on tier 1 (T1) at the right side of 
DVFS 1 (16050 lux). The minimum light intensity of 
3180 lux was observed from tier 2 (T2) on the middle 
section of DVFS 2. Tier 1 was more close to the roof 
than other tiers, would receive directly transmitted light 
compared to other tiers. In DVFS 2, tier 2 (T2) is the 
middle tier shows less light intensity compared to tier1 
(T1) and tier 3 (T3) as there was less availability of di-
rect sunlight and reflected radiations. Fig. 6 showed the 
variations in light intensity in both structures at 5:00 pm. 
The maximum light intensity was obtained from tier 1 
(T1) at the right side of DVFS 1 and it was about  
5680 lux.  
From these data, it was concluded that in the case of 
DVFS 1, always the maximum light intensity was ob-
served on tier 1 on the right side of the structure due to 
the location of the structures and the availability of re-
flected and transmitted radiations. But in DVFS 2, maxi-
mum light intensity was observed in the left section 
Fig. 7. Variation of plant height in T1 (tier 1) of DVFS 1 
and DVFS 2. 
Fig. 8. Variation of plant height in T2 (tier 2) of DVFS 1 
and DVFS 2. 
Fig. 9. Variation of plant height in T3 (tier 3) of DVFS 1 
and DVFS 2. 
Fig. 10. Variation of number of leaves in T1 (tier 1) of 
DVFS 1 and DVFS 2. 
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during morning hours, the middle section in the after-
noon and the right section in evening hours. This is due 
to the direction of solar radiation. Xu et al. (2020) stated 
that the careful orientation of structure could increase 
the interception of solar radiation on the rear side by 
3.95 %. 
The structural difference was also a major factor for 
differing light intensity. DVFS 1 was a platform like 
structure with triangular cross section where the possi-
bility of getting more light in each tier is higher. But in 
case of DVFS 2, tiers were arranged one over the other 
and thereby, it might not be possible to get enough light 
compared to DVFS 1 due to the shade of tiers set over 
it. A similar result was observed by Touliatos et al. 
(2016), where a significant reduction of light intensity 
was observed from top to base of vertical columns with-
in the vertical farming structures.  
Tier wise analysis of biometric observations 
Plant height 
 The biometric observations were taken in the weekly 
interval. The height of randomly selected plants from 
each tier was observed for three weeks. The maximum 
plant height observed at the end of 3rd week was on tier 
T1 on the right side of DVFS 1 (74 cm). A minimum 
plant height of 18 cm was found at tier T2 on the middle 
section of DVFS 2. The tier wise observation made on 
the left and right-hand side of DVFS 1 and left, middle 
and right sections of DVFS 2 were taken and plotted in 
a graph as shown in Fig. 7-9. The growth of plants was 
more in DVFS 1 than in DVFS 2. 
Considering the T1 at the end of 3rd week, the maxi-
mum plant height of 74 cm was at the right side of 
DVFS 1. Minimum plant height was found at the right 
section of DVFS 2 and is about 45 cm (Fig. 7). At tier 
T2, a maximum plant height of 65 cm and minimum 
plant height of 18 cm were found at the right side of 
DVFS 1 and the middle section of DVFS 2, respectively 
(Fig. 8). Similarly, at tier T3, maximum plant height of 
65 cm and minimum plant height of 18 cm were found 
at the right side of DVFS 1 and middle section of DVFS 
2, respectively (Fig.9).  
From the graphs, it is clear that plant height was ob-
served to be maximum in the right side tier T1 followed 
by right side tier T3 in DVFS 1. This was due to the 
variations observed in light intensity. Correlation be-
tween plant height and intensity was analysed using 
IBM SPSS statistics 25 software, which showed that 
correlation (positive correlation) was significant at 0.01 
significant level with Pearson correlation coefficient of 
0.935. The result is in good agreement with the Re-
zazadeh et al. (2018), which reported that plant height 
increases at a higher intensity. Rezazadeh et al. (2018)  
found that higher light intensity in control and 45% 
shade plus long day (LD) treatments resulted in in-
creased plant height. The positive correlation between 
light intensity and height of Cardinal flower (Sinningia 
cardinalis) was also reported previously by Kim et al. 
(2015).  
Number of leaves 
The number of leaves is also an important biometric 
observation usually used to analyse the crops' growth 
performance. At the end of 3rd week after planting, the 
maximum number of leaves was found in the right side 
of DVFS 1 and it was 87 in number. The minimum 
number of leaves was found in the middle section of 
DVFS 2, which was 33. Considering the tier T1, the 
maximum number of leaves was obtained at the right 
side of DVFS 1 and minimum was obtained at the right 
section of DVFS 2 and was found to be 87 and 34 re-
spectively (Fig. 10). At T2, 77 and 33 were the maxi-
mum and a minimum number of leaves obtained from 
the right side of DVFS 1 and middle section of DVFS 2, 
respectively (Fig. 11). For tier T3, the maximum and the 
minimum number of leaves was 78 and 36 and was 
found at the right side of DVFS 1 and right section of 
DVFS 2 (Fig. 12).  
Fig. 12. Variation of plant height in T3 (tier 3) of DVFS 1 
and DVFS 2. 
Fig. 11. Variation of number of leaves in T2 (tier 2) of 
DVFS 1 and DVFS 2. 
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From Fig. 9-12, it is clear that the number of leaves 
was observed to be maximum in DVFS 1 than DVFS 2. 
This also can be correlated with the light intensity as 
maximum light intensity was observed in these tiers. 
Correlation between the number of leaves and intensity 
was analysed using IBM SPSS statistics 25 software, 
which showed that correlation was significant at 0.01 
significant level with Pearson correlation coefficient of 
0.86. Many studies depicted that light intensity has sig-
nificant positive correlation with number of leaves and 
other growth parameters as it promotes growth rate 
(Rezai et al., 2018; Rezazadeh et al., 2018). Kang et al. 
(2013) observed that plants grown under treatments of 
high light intensity of 290 μmol·m-2 ·s -1 showed greater 
results in growth as compared to the other treatments. 
Yield of crop 
The harvesting was done at the end of 3rd week. The 
maximum yield was obtained from DVFS 1 (61%) than 
DVFS 2 (39%). It is mainly due to the differences in the 
obtained light intensity. Correlation of yield data with 
light intensity revealed that correlation was significant 
at 0.01 significant level with Pearson correlation coeffi-
cient of 0.902. This result is very much agreed with 
Rezazadeh et al. (2018), where he has observed a 
positive correlation between light intensity and bio-
metric parameters. Similarly, Rezai et al.  (2018) also 
found that photosynthetic rate and stomatal conduct-
ance showed a strong positive correlation with light 
intensity. Touliatos et al. (2016)  observed a 43 % re-
duction in crop yield in the vertical farming structures, 
where tiers are arranged one over the other.  
Conclusion 
In the present study, the climatic parameters 
(temperature and light intensity) and biometric observa-
tions (plant height, number of leaves, yield) were ana-
lysed to compare and evaluate the performances of two 
vertical farming structures, DVFS 1 and DVFS 2. The 
analysis of trials revealed that DVFS 1 showed better 
performance in every aspect compared to the DVFS 2. 
The biometric observations like plant height and num-
ber of leaves were more in T1 at right side and followed 
by T3 at the right side of DVFS 1. The plant character-
istics such as plant height, number of leaves and yield 
showed a significant positive correlation with the light 
intensity. This is the reason for more growth was ob-
served on the right side of DVFS 1. The maximum yield 
was obtained from DVFS 1 (58%) than DVFS 2 (42%). 
The analysis of trials revealed that DVFS 1 shows bet-
ter performance in every aspect compared to DVFS 2. 
The yield data and growth performances made the re-
sults more reliable. The study recommended using the 
platform like structure with a triangular cross-section as 
it was advantageous than the structure with tiers one 
over the other with PVC splits. The provision for as-
sembling and dismantling the parts of the structure, 
made these systems more attractive as they can move 
to any required areas. It is recommended for urban 
farming as a substitute for traditional farming practices. 
The designed structures can also be used in problem-
atic soils like drought, salinity and soil with toxicity prob-
lems. In such conditions, the structure can be placed 
even in the field itself. The orientation of these struc-
tures can be changed according to the climatic parame-
ters or according to our convenience. 
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